A very light axion would be copiously produced during the Big Bang as a zerotemperature Bose gas, and it would possess vanishingly small couplings to matter and radiation. It thus represents an ideal cold dark matter candidate. Galactic halo axions may be detected by their resonant conversion to microwave photons in a high-Q cavity permeated by a strong magnetic¯eld. A large-scale search for the axion is ongoing in the US with su±cient sensitivity to see axions of plausible model couplings. Dramatic breakthroughs in the development of near-quantum limited superconducting quantum interference device ampli¯ers promise to improve the sensitivity of the experiment by a factor of 30 in the near future. In Japan, a group has been developing a Rydberg atom single-quantum detector as an alternative to linear ampliers for a microwave{cavity axion experiment. Should the axion be discovered, the predicted¯ne structure in the axion signal would be rich in information about the history of galactic formation.
Introduction
The axion, conceived more than a quarter of a century ago, remains the most elegant and minimal extension of the standard model to conserve charge{parity (CP) symmetry in the strong interaction. Shortly after Peccei & Quinn (1977) proposed a dynamic mechanism to suppress strong CP-violating e®ects, e.g. the neutron electric dipole moment, Weinberg (1978) and Wilczek (1978) recognized that this mechanism implied the existence of a light pseudoscalar, termed the axion. This scheme invoked a symmetry breaking of the ¯eld at a very high (unknown) energy scale f a , with subsequently driven to the CP-conserving value in the low-energy limit of the theory, by a potential due to quantum chromodynamics (QCD) non-perturbative e®ects. The remnant oscillations of the¯eld constitute the axion. The campaign to¯nd or exclude the axion in conventional accelerator-and reactor-based searches, and limits from stellar evolution, has constrained the remaining parameter space to much lighter and thus much more weakly coupled axions. Paradoxically, the cosmological abundance of axions in the Universe, « a , increases for lighter axions, and thus the axion emerged as an excellent cold dark matter (CDM) candidate in the region where it seemed almost impossible to detect it. This conundrum was solved by Sikivie (1983 Sikivie ( , 1985 , who demonstrated how axions could be detected by their resonant conversion to single monochromatic photons in a high-Q microwave cavity permeated by a strong magnetic¯eld. A classic signal-to-noise problem, the microwave{cavity search for cosmic axions, has driven the technology of ultra-low noise cryogenic microwave ampli¯ers. To our knowledge, the present US axion-search experiment constitutes the most sensitive spectral receiver in the world. Furthermore, as this experiment is a total energy detector, i.e. it measures the (mass + kinetic) energy of the axion, the prospect of seeing¯ne structure due to the preservation of phase space of infalling CDM, predicted in recent years, is particularly exciting. The diurnal and sidereal variation of axionic¯ne structure would enable us to reconstruct a veritable`movie' of our galactic formation. Excellent reviews of axion theory are found in Kim (1987) , Cheng (1988) , Peccei (1989) , Ra®elt (1990) and Turner (1990) ; a comprehensive treatment of stellar evolution limits on axions is found in Ra®elt (1996) . This article is narrowly focused on searches for halo dark matter axions; the broader experimental situation for light axions (m a < 1 meV) may be found in Rosenberg & van Bibber (2000) .
The axion in particle physics and cosmology
Axions arise from a minimal extension of the standard model to enforce strong-CP conservation. The Peccei{Quinn solution to the strong-CP problem in QCD involves an approximate U PQ (1) global symmetry. This U PQ (1) symmetry is spontaneously broken at some unknown symmetry-breaking scale f a , and the axion is the associated pseudo-Goldstone boson.
The properties of the axion depend mainly on the symmetry-breaking scale f a . Had the U PQ (1) symmetry been exact before the spontaneous symmetry breaking (SSB), the axion would be massless. Instead, its mass, which is inversely proportional to f a , is given by m a ' 0:6 eV 10 7 GeV f a : (2.1)
All the axion couplings are inversely proportional to f a . Of particular interest for experimental searches is the axion coupling to two photons,
where E and B are the usual electric and magnetic¯elds, ¬ is the¯ne structure constant, and g ® is a model-dependent coe±cient of order one. The strength of the interaction depends on the assignment of U PQ (1) charges to (perhaps new) quarks and leptons. g ® = 0:36 in the DFSZ (Dine et al . 1981; Zhitnitsky 1980 ) model, whereas g ® = ¡ 0:97 in the KSVZ (Kim 1979; Shifman et al . 1980) model. Experimental results are often given in terms of g a® ® , the e®ective two-photon coupling constant. The predicted values of g a® ® are relatively insensitive to the speci¯c assignment of charges in these two models. The coupling of the axion to a spin-1 2 fermion, f , has the form
where g f is a model-dependent coe±cient of order one. In the KSVZ model, the coupling to electrons is zero at tree level. Models with this property are called`hadronic'.
(a) Axions as a CDM candidate
The evidence from measurements of the cosmic microwave background (CMB) as well as redshifts of distant type-Ia supernovae suggest that the Universe is°at (« º 1) and that gravitating matter constitutes roughly one-third of the energy density (« M ¹ 0.3). The theory of Big Bang nucleosynthesis (BBN) constrains the baryonic contribution to « M to be less than 20%, which implies that the Universe contains large quantities of non-baryonic dark matter. Structure formation simulations suggest that most of this dark matter is cold, having small velocity dispersion. Axions produced in the early Universe are a candidate for the CDM in our galactic halo.
One possible scenario of axion production in the early Universe is called vacuummisalignment production (Turner 1986 ). The abundance of axions « a from vacuum misalignment is
where ¤ Q CD is the QCD scale factor. Axions produced in this manner with m a ¹ 10 meV would dominate the CDM in the Universe. There are two other scenarios for axion production in the early Universe. The¯rst is thermal production through the processes g + Q ! Q + a and N + p ! N + a, where Q is a quark and N is a nucleon. The axion abundance from thermal production is (Kolb & Turner 1990 )
In order to be cosmologically signi¯cant, the mass would have to be O(10 eV). These axions have been ruled out on astrophysical grounds, and would have decayed already. The decay products, speci¯cally monochromatic photons, have been searched for unsuccessfully (Bershady et al . 1991) . The third and perhaps most controversial scenario of axion production is the radiation from axionic strings formed by the SSB of U PQ (1). As long as in°ation occurs after the SSB, a network of axionic strings will¯ll the Universe. The network of strings will dissipate energy by radiating axions. A great deal of theoretical uncertainty remains (see, for example, Hagmann et al. 2001) , but most predictions for m a are of the order of 100 meV, out of reach for the current microwave{cavity detectors.
(b) The axion window
Since all values of the PQ symmetry-breaking scale f a solve the strong-CP problem, m a is completely arbitrary. It is entirely possible for axions to solve the strong-CP problem without being cosmologically signi¯cant. On the other hand, the abundance of axions must be consistent with cosmological observations. If m a ½ 1 meV, then their abundance from (2.4) is « a h 2 ¾ 1. If this is to be consistent with the observation that the Universe is°at and, furthermore, that « M ¹ 0:3, then the Hubble constant would have to be much larger than 100 km s ¡1 Mpc ¡1 . This is strongly Figure 1 . Ranges of axion mass ma (or axion decay constant fa) which have been ruled out by accelerator searches, the evolution of red giants, the supernova SN1987a and the axion cosmological energy density.
contradicted by observational evidence, so a lower bound on axions from the vacuum misalignment production scenario is ca. 1 meV.
Astrophysics plays an important role in placing an upper limit on the axion mass. Thermally produced axions could escape from the interior of stars without interacting. This process would very e®ectively cool the star, shortening its life considerably. The amount of energy axions could carry away goes like their mass, and this fact is used to place an upper limit on m a . The most stringent of these bounds comes from SN1987a. The duration of the neutrino burst observed from SN1987a was consistent with theoretical predictions with neutrinos as the dominant source of cooling. Axions with m a & 10 ¡3 eV would have competed with neutrinos, shortening the observed neutrino burst. This is e®ectively an upper bound on m a .
Cosmological and astrophysical observations leave a relatively small region for the axion mass called the axion window. 1 meV < m a < 10 meV: (2.6)
For more details of the many cosmological, astrophysical and particle physics constraints on the axion mass see Particle Data Group (1998). Figure 1 summarizes the allowed region of axion mass and the variety of theoretical and experimental constraints.
(c) Axions as galactic halo dark matter
Measurements of galactic halo rotation curves of spiral galaxies, including the Milky Way, provide strong evidence for the existence of haloes dominated by dark matter. The stability of spiral arms suggests that the haloes are approximately spherical. Gates et al. (1995) attempted to quantify the local halo density by constructing millions of halo models, comparing them with observations, and compiling the distribution for the halo densities in viable models. The best maximum-likelihood estimate for the average density of the CDM component of the halo is » CD M = 0:45 GeV cm ¡3 , with large uncertainties.
The expected signal from axion to photon conversion depends on the energy distribution of galactic halo axions. Their total energy is the sum of their rest mass m a c 2 and kinetic energy that the dark-matter halo is thermalized, in which case Turner (1990) calculates the kinetic energy distribution to be Maxwellian with a boost from the motion of the Earth with respect to the galactic rest frame. Ipser & Sikivie (1992) suggested the possibility of structure in haloes comprised of dissipationless dark matter, such as axions. It is typically assumed that the halo is approximately isothermal as a result of a process called violent relaxation. When the dark matter¯rst falls into the potential well of the galaxy, it has a very narrow velocity dispersion. Over time, gravitational interactions with inhomogeneities, e.g. globular clusters, etc., cause the matter to thermalize, that is they assume the characteristic velocity dispersion of the halo. Sikivie argues that there should be°ows in the halo associated with matter that has only recently fallen into our potential well.
In this model, the°ows of late infalling dark matter do not thermalize, even on time-scales of the order of the age of the Universe (Ipser & Sikivie 1992) . Hence, there is a discrete set of dark-matter°ows with well-de¯ned velocity vectors at any location in the halo, in addition to a thermalized component. One°ow is comprised of particles falling onto the Galaxy for the¯rst time, a second°ow is comprised of particles falling out of the Galaxy for the¯rst time, a third°ow is comprised of particles falling into the Galaxy for the second time, etc. Each of the°ows contains typically a few per cent of the local halo density (Sikivie et al . , 1997 . The calculated spectrum using a self-similar infall model with and without angular momentum is shown in gure 2. The peaks form pairs, one containing particles with positive radial velocity and the other particles with negative radial velocity. The fractional width of the peaks in the energy spectrum due to the most recent infall is estimated (Ipser & Sikivie 1992 ) to be of the order of 10 ¡17 , although each peak may be fragmented into subpeaks of that approximate width. Because of the Earth's rotation (v rot ' 10 ¡6 c) and its revolution around the Sun (v rev ' 10 ¡4 c), the peaks' frequencies ! n are modulated by the relative amount
where v n ' 10 ¡3 c is the velocity of the nth°ow relative to the Sun. (This is in addition, of course, to the Sun's orbital motion in the Milky Way, v s u n ¹ 10 ¡3 c.) Observation of the diurnal and sidereal frequency modulation of a peak allows one to determine the corresponding velocity vector v n completely. Sikivie (1999) lists the local velocities and densities of the°ows predicted by an idealized caustic ring model of the galactic halo (Sikivie et al . , 1997 Sikivie 1998) . Figure 3 shows the frequency modulation of the two largest peaks in the axion energy spectrum.
These sharp peaks in the energy spectrum are important for two reasons. First, these narrow lines can be searched for with a much higher signal-to-noise ratio (SNR) than a thermalized distribution. Second, the distribution of these peaks combined with their sidereal and diurnal modulation provides a detailed history of the formation of the Galaxy.
The microwave{cavity experiment
The most e±cient method of searching for galactic halo axions is currently the microwave{cavity technique originally proposed by Sikivie (1983) . In a static background magnetic¯eld, axions will decay into single photons via the Primako® e®ect. The energy of the photons is equal to the rest mass of the axion with a small contribution from its kinetic energy; hence their frequency is given by
At the lower end of the axion window, the frequency of the photons lies in the microwave regime. A high-Q resonant cavity, tuned to the axion mass, serves as the detector for the converted photons. The expected signal power varies with the experimental parameters as
where B is the background magnetic¯eld, V is the cavity volume, C is a modedependent form factor, Q is the loaded quality factor, f is the resonant frequency, and » a is the local halo axion density (Sikivie 1983; Krauss et al . 1985) . Axions couple most strongly to the TM 010 cavity mode (C ¹ 0.5), so it is the only mode used in most searches. In typical experiments, the power from KSVZ axions is of the order of 10 ¡22 W. Since the axion mass is unknown, the frequency of the cavity must be tunable. The SNR is related to the integration time t and signal bandwidth B by Dicke's (1946) radiometer equation
where k B is Boltzmann's constant, and T s is the system noise temperature (physical temperature plus ampli¯er noise temperature). This expression can be inverted to give the scan rate, which scales as
Equation (3.3) clearly demonstrates the importance of the system noise temperature for microwave{cavity experiments. First-generation microwave{cavity experiments were carried out at Brookhaven National Laboratory (BNL) (Wuensch et al . 1989 ) and at the University of Florida (UF) (Hagmann et al. 1990) . They demonstrated the feasibility of the technique over a signi¯cant range of frequencies (but fell short in power sensitivity by 100{1000) to detect halo dark-matter axions with plausible model couplings, due to their small volumes and relatively high noise temperatures.
(a) The axion dark-matter experiment (ADMX)
In February 1996, a second-generation microwave{cavity experiment was commissioned at Lawrence Livermore National Laboratory (LLNL). The ADMX collaboration currently consists of LLNL, UF, the National Radio Astronomy Observatory (NRAO) and the University of California at Berkeley (UCB). The ADMX experiment used a larger magnetic volume than either of the¯rst-generation experiments and took advantage of improvements in ampli¯er technology. Figure 4 is a schematic of the ADMX apparatus showing the magnet, cavity and cryogenic ampli¯ers. The magnet is a superconducting NbTi solenoid. The operatinḡ eld at the centre of the coil is typically 7.62{8.0 T. The microwave cavity is a right-circular cylinder constructed from stainless steel and plated with ultra-high-purity, oxygen-free copper. The inside diameter is 50 cm and the length is 1 m. For the TM 010 mode, the resonant frequency of the empty cavity is 460 MHz, and the unloaded Q is approximately 200 000. Super°uid 4 He maintains the physical temperature of the cavity near 1.5 K. Moving a combination of metal and dielectric rods, running the full length of the cavity, changes the resonant frequency. These rods can move from the centre of the cavity to the wall. The single cavity accommodates two rods. Stepper motors with a resolution of 1.8¯step ¡1 followed by a gear reduction of 42 000:1 control the rods. Thē nal step size is ca. 80 nm and the resulting frequency tuning precision is ca. 500 Hz at a cavity frequency of 500 MHz.
The cryogenic ampli¯ers used in this search are double-balanced GaAs heterostructure¯eld e®ect transistor ampli¯ers supplied by NRAO. The in situ measured noise temperatures range from 1.7 to 4.5 K. Cascading two of these ampli¯ers achieves su±cient gain (35 dB) to render downstream noise contributions negligible. Critical coupling between the¯rst ampli¯er and cavity is maintained throughout the run, meaning that on resonance the cavity presents a matched load to the ampli¯er.
Before data are taken at a given frequency, a transmission measurement is made. A¯t of the transmission curve to the sum of a Lorentzian and constant background determines the resonant frequency and Q.
The receiver is simply an extremely sensitive radio receiver with the cavity as the LC tank circuit. A double-heterodyne receiver mixes the noise spectrum from the cavity frequency to audio frequencies. This audio signal is then sent to both mediumand high-resolution search channels. excluded at 90% con¯dence by the ADMX search (Asztalos et al. 2001) . Also shown are the KSVZ and DFSZ model predictions. (b) Axionic halo density excluded at 90% con¯dence limits by the ADMX search (Asztalos et al. 2002) ,¯xing the model axion{photon coupling.
The medium-resolution search channel consists of a commercial fast Fourier transform spectrum analyser. The sampling period of the analyser is 80 ms, giving a frequency resolution of 125 Hz. Each step involves averaging 10 000 such spectra, resulting in a 400 point power spectrum with 125 Hz bins. These data are coadded and the result searched for Maxwellian peaks a few bins wide (ca. 700 Hz) characteristic of thermalized axions in the halo.
An independent, high-resolution search channel operates in parallel to explore the possibility of¯ne-structure in the axion signal. The audio signal passes through a third mixing stage to shift the centre frequency to 5 kHz. During the 80 s that the medium-resolution channel is averaging spectra, a PC-based digital signal processor takes a single 50 s spectrum and performs an FFT. The resulting frequency resolution is 20 mHz, about the limit imposed by the Doppler shift due to the Earth's rotation. These data are searched for coincidences between di®erent scans, as well as coincidences with peaks in the medium-resolution data.
So far, no axion signal has been detected. Based on these results, a KSVZ axion of mass between 2.25 and 3.3 meV is excluded at 90% con¯dence, assuming that thermalized axions comprise a major fraction of our galactic halo (» a = 450 MeV cm ¡3 ). This exclusion region and model predictions are shown in¯gure 5a (for more details see Asztalos et al. (2001) ). The data have been analysed from an astrophysical perspective as well. Speci¯cally, constraints have been placed on the local axionic halo density, having¯xed the model axion{photon coupling (Asztalos et al . 2002) . Figure 5b shows the halo densities excluded for both KSVZ and DFSZ axions.
Developments towards lower noise temperature
To discover the axion, or rule it out as a signi¯cant component of the galactic halo dark matter, it is necessary to scan as much of the axion window as possible with DFSZ sensitivity. Since the expected power from DFSZ axion conversion is an order of magnitude lower than that from KSVZ axions it would take one hundred times longer to reach a similar sensitivity. From equation (3.3), the scanning rate increases with 
T ¡2 s
; therefore, an order of magnitude reduction in system noise temperature would allow a scan at DFSZ sensitivity with the same rate as a present scan with KSVZ sensitivity. There are two approaches to accomplish this: the ADMX collaboration is developing near-quantum-limited ampli¯ers using DC SQUIDS. Meanwhile, a group in Kyoto, Japan, is developing a Rydberg-atom single-quantum detector to be used in a microwave{cavity axion-search experiment.
(a) DC SQUID ampli¯ers
A group led by John Clarke at Berkeley has developed DC SQUID ampli¯ers in the 100{3000 MHz range speci¯cally for the ADMX experiment. Noise temperatures as low as 50 mK have been measured at a physical temperature of 30 mK.
The DC SQUID consists of two Josephson junctions connected in parallel on a superconducting loop. The SQUID produces an output voltage in response to a small input°ux, and is a very sensitive°ux-to-voltage transducer.
The most common con¯guration of a DC SQUID ampli¯er is shown in¯gure 6a (M uck et al . 1998) . The superconducting loop is a square washer with a slit on one side. The loop is closed via a superconducting counter electrode connected to the washer by two resistively shunted Josephson junctions. Flux is coupled into the SQUID through a microstrip input coil separated from the washer by a thin insulating layer. A microstrip resonator is formed by the open-ended stripline whose impedance is determined by the inductance of the input coil and its ground plane, and the capacitance between them. Near the fundamental frequency of the stripline, the gain of the ampli¯er is strongly enhanced. Figure 6b ; c shows a square-washer SQUID fabricated at Berkeley, with inner and outer dimensions of 0:2 mm £ 0:2 mm and 1 mm £ 1 mm. The input coil has a width of 5 mm and length 21 mm. The resonant frequency of the stripline scales as`¡ 1 ; the highest frequency ampli¯er built so far has f > 3 GHz. Frequencies up to 5{7 GHz should be achievable with the same design.
The bandwidth of these ampli¯ers has been greatly improved by varying the resonant frequency of the stripline in situ. This has been accomplished by connecting a pair of GaAs varactor diodes across the previously open end of the microstrip (M uck et al . 1999) . The capacitance of the diodes is controlled by varying their reverse The dominant source of noise in these devices is the Johnson noise from the resistive shunts across the Josephson junctions. This noise scales linearly with temperature, so the noise temperature of DC SQUIDs is expected to be proportional to their physical temperature until either the quantum limit (T N = hf =k B ) is reached or hot electron e®ects in the shunts become dominant.
Noise temperatures below 50 mK have been measured using cascaded SQUIDs cooled in a dilution refrigerator. As shown in¯gure 7, the noise temperature at 100 mK is already within a factor of two of the quantum limit, which, for a 500 MHz ampli¯er, is ca. 25 mK (M uck et al . 2001) . Work is continuing to demonstrate quantum-limited noise performance and to incorporate these ampli¯ers into the ADMX experiment.
(b) Rydberg-atom single-quantum detectors
Another microwave{cavity axion search is under development at the University of Kyoto ('CARRACK' for Cosmic Axion Research with Rydberg Atoms in a resonant Cavity in Kyoto). This e®ort seeks to exploit the extremely low-noise photoncounting capability of Rydberg atoms in a Sikivie-type microwave{cavity experiment. The initial goal is to sweep out a 10% mass window ca. 2:4 meV. Rydberg atoms are atoms (usually alkali metals) where one electron is promoted to a principal quantum number n ¾ 1, near the ionization limit (Gallagher 1994). The valence electron of such highly excited atoms is hydrogen-like.
The experimental principle of the Kyoto experiment is shown in¯gure 8 (Matsuki & Yamamoto 1991; Ogawa et al . 1996) . Like the ADMX experiment, axions are converted to photons in the conversion cavity, which is permeated by a strong magnetic eld. The conversion cavity is a copper cylinder (4.5 cm radius, 72.5 cm long) which ts inside a superconducting solenoid (15 cm diameter, 50 cm long, 7 T peak¯eld). Power from the conversion cavity is coupled to a niobium superconducting cavity, where the magnetic¯eld is cancelled by the combination of a compensation coil and the Meissner e®ect. Both cavities are tuned to the same frequency by means of 6 mm diameter sapphire rods inserted axially into them. The cavities are cooled to less than 15 mK by means of a dilution refrigerator.
A beam of rubidium atoms is accelerated, neutralized and directed through the detection cavity. Just before entering the detection cavity, the atoms are excited to a Rydberg state with principal quantum number near 110 (state jgi in¯gure 8), by triple optical excitation with three collinear diode-laser beams. In the detection cavity, the Rydberg atoms are Stark-tuned so that the transition from Rydberg state jgi to state jei is matched to the cavity frequency. Rydberg atoms have large transition dipole moments, and therefore have a high quantum e±ciency for absorbing photons corresponding to an allowed transition. Upon exiting the cavity, most of the atoms are still in the lower state jgi, but a few of them are in state jei by virtue of having absorbed a microwave photon. The key to this technique is selective¯eld ionization, shown schematically in¯g-ure 8. After exiting the detection cavity, an electric¯eld is applied to the atoms; the combined atomic and Coulomb potential is such that the electrons in state jei are unbound, while those in state jgi remain bound. The liberated electrons are counted in the electron detector and in principle this counts the number of photons in the detection cavity.
Studies have been performed to con¯rm that the experiment is sensitive to single blackbody photons in the 15 mK or less range. These include verifying the temperature dependence, and the number and velocity of the Rydberg atoms. Figure 9 displays the limits on the axion's mass and coupling to photons for very light axions (updated from Rosenberg & van Bibber 2000) . While axion{photon mixing through the E ¢B interaction has given rise to several elegant experiments sensitive in principle to pseudoscalars (vacuum birefringence,`shining light through walls', etc.), we are unaware of any terrestrial experiment that could feasibly achieve the sensitivity to address realistic axion models. Only the microwave{cavity search, assuming that axions constitute an appreciable fraction of our galactic halo, has any meaningful prospects for¯nding a standard axion. The¯gure conveys another important lesson, namely, that while the sensitivity of the microwave{cavity experiment indeed reaches the region of interest, it does so by coupling the axion¯eld to a high-Q electromagnetic resonator, thus trading bandwidth for sensitivity. The obvious penalty is that the search becomes a scanning experiment, and it is evident that much lower noise temperatures are needed not only to completely cover the band of models, but also to speed up the scan rate, which ultimately must cover three or so decades in mass. The remarkable breakthroughs in the development of near-quantum-limited SQUID ampli¯ers now enable such a de¯nitive experiment.
Summary and outlook

